The l Ã 6À85 pseudo-wild type of lambda repressor fragment is a fast two-state folder (k f % 35 msec À1 at 58°C). Previously, highly stable l Ã 6À85 mutants with k f > 30 msec À1 have been engineered to fold nearly or fully downhill. Stabilization of the native state by solvent tuning might also tune l Ã 6À85 away from two-state folding. We test this prediction by examining the folding thermodynamics and kinetics of l Ã 6À85 in a stabilizing solvent, 45% by weight aqueous ethylene glycol at -28°C. Detection of kinetics by circular dichroism at 222 nm (sensitive to helix content) and small angle X-ray scattering (measuring the radius of gyration) shows that refolding from guanidine hydrochloride denatured conditions exhibits very different time scales for collapse and secondary structure formation: the two processes become decoupled. Collapse remains a low-barrier activated process, while the fastest of several secondary structure formation time scales approaches the downhill folding limit. Two-state folding of l Ã 6À85 is not a robust process.
In the conventional view of protein folding, the native state is reached after the unfolded protein has crossed one or more obligatory and substantial (>>kT) barriers (Baldwin 1995) . Small proteins and protein domains often encounter only one barrier (two-state folding), whereas for larger proteins or multi-domain proteins, population may pool temporarily in nonnative basins. In 1995, downhill folding was proposed as an alternative mechanism (Bryngelson et al. 1995) : proteins could switch from two-or multi-state folding to downhill folding when the native state becomes strongly stabilized (for example, when the temperature approaches the optimal folding temperature; Fig. 1 ). Kinetic signatures of this transition, such as switching from slow single exponential kinetics to fast nonexponential dynamics (Sabelko et al. 1999 ; , and probedependent kinetics (Yang and Gruebele 2004b ; Ma and Gruebele 2005) have been observed experimentally.
The possibility of downhill folding opens up an important question: how robust is two-state (or multistate) folding really? If a wild-type protein subject to a few mutations or changes in solvent conditions, tuning its free energy landscape by a few kT, can be made to fold downhill, and if small proteins can fold in a few microseconds (Kubelka et al. 2004) , folding barriers are not a necessary prerequisite for folding. It has even been suggested that downhill folding could extend beyond the apparent melting temperature (''one-state folding''), leaving 5 Present address: Rigaku Innovative Technologies, Inc., 1900 Taylor Rd., Auburn Hills, MI 48326, USA.
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Article and publication are at http://www.proteinscience.org/cgi/doi/ 10.1110/ps.062257406. a thermodynamic signature (Muñoz 2002) . Experimental evidence for this case has been reported and debated (Garcia-Mira et al. 2002; Ferguson et al. 2004; Naganathan et al. 2005) .
It has been known for some time that small proteins are not generally optimized for the fastest possible folding (Kim et al. 1998) . In one proposal, downhill folding is not common among natural proteins because evolution for function and against aggregation usually disfavors full kinetic optimization (Gruebele 2005) . The WW domain has been studied recently as one example of a structurefolding-function tradeoff (Jäger et al. 2006) . However, cases where downhill folding would be favored by evolution for certain types of functions have also been discussed (Garcia-Mira et al. 2002; Muñoz 2006) . Even if most small wild-type proteins fold via an activated two-state process, the existence of downhill folding points out that rich energy landscape is just barely hidden by one or a few nonobligatory bottlenecks. The folding rates of many small proteins or protein domains are not far from the downhill ''speed limit,'' and some have been engineered and tuned near or to that limit (Qiu et al. 2002; Kubelka et al. 2003 Kubelka et al. , 2004 Zhu et al. 2003; Arora et al. 2004; Faraone-Mennella et al. 2005; Nguyen et al. 2005) . To the extent that native topology controls folding rates, there is good reason to believe that additional slower folding proteins can be engineered or placed in solvent conditions where their folding is no longer described by activated rate theory.
In the past, fast phases have been interpreted as nonspecific contraction of the protein preceding the critical barrier crossing (Krantz and Sosnick 2000) , and thermodynamic titration baselines are usually subtracted from data without detailed justification to enable two-state fitting. Strictly speaking, true two-state folders must have single-exponential kinetics and no baselines. If the deviations from two-state behavior are small, it is reasonable to approximate folding as an activated process between two slightly moving targets (the unfolded and native basins), and this may well apply to many proteins. However, when baselines or new kinetic phases become comparable in magnitude to the apparent two-state signals, this view is simply not tenable (Muñoz 2002; Qin et al. 2002; Larios et al. 2004 ). Intermediates must be invoked if the new kinetics are slow enough to correspond to barriers >>kT or titrations show steps corresponding to distinct states. Downhill folding must be invoked if the kinetics are near the speed limit, nonexponential and probe-dependent, or if no evidence of separate steps is discernible in thermodynamic measurements with large baselines.
In this paper, we solvent-tune the five helix bundle l Ã 6À85 ( Fig. 1) away from two-state folding. In aqueous solvent, l Ã 6À85 is a two-state folder with a minimal folding time of 35 msec at 58°C (Yang and Gruebele 2004c) . The pseudo-wild type l Ã 6À85 (itself a fluorescent Y22W mutant of the l Ã 6À85 wild type) (Ghaemmaghami et al. 1998 ) was previously engineered toward downhill folding by sitedirected mutagenesis (Yang and Gruebele 2004a) . Here, we ask how far the pseudo-wild type can be tuned by a stabilizing solvent alone. We monitor kinetics by using two spectroscopic probes correlated with two very different reaction coordinates (Arai et al. 1998) . Compactness is probed by small-angle X-ray scattering (Arai et al. 1998; Segel et al. 1999) , yielding the radius of gyration R g . Secondary structure is probed by circular dichroism (CD) monitoring helical content at 222 nm (Kuwajima et al. 1996) . We study folding in a cryogenic solvent (45% ethylene glycol in water) at low temperature (À28°C). The solvent not only stabilizes secondary structure, but through its high viscosity substantially slows down the dynamics of the system by affecting the prefactor, not just the activation energy.
We observe up to four kinetic phases for l Ã 6À85 ; protein collapse and various stages of secondary structure formation no longer coincide under our solvent conditions. Our lower limit on the rate coefficient of one of the CDdetected phases is sufficiently fast to correspond to downhill secondary structure formation. We make a mutant with lower secondary structure propensity than l Ã 6À85 , and show that its fast CD phases decrease in magnitude and slow down. Thus, the fast kinetic phases are correlated with sequence and native secondary structure The illustration is obtained from the PDB lambda repressor structure after amino acid substitution and molecular dynamics relaxation of the side chains using VMD software (Humphrey et al. 1996) . Previous work has shown that helix 5 is less structured than shown here (Larios et al. 2006 ).
Tuning l formation propensity. At the same time, no contraction of the chain occurs. l Ã 6À85 does not fold downhill under our solvent conditions, but its helix formation and collapse processes have become completely decoupled, and the speed of much secondary structure formation approaches the downhill limit. Two-state folding is not a robust process for l Ã 6À85 .
Results

Steady-state SAXS and CD
The radius of gyration (R g ) obtained by SAXS for native l Ã 6À85 in 0.7 M guanidine hydrochloride buffer is 14 6 1 Å . R g is 23 6 2 Å in the unfolded state (Fig. 2) . The native radius of gyration of l Ã 6À85 estimated from the 6-85 fragment of the lambda repressor X-ray crystal structure using the program CRYSOL is 14 Å . CRYSOL already includes an estimate of the solvation shell effect on R g (11 Å bare, 3 Å solvation shell) (Svergun et al. 1995) . The slightly larger final R g compared to the bare radius could also result from helix 5 of l Ã 6À85 not being highly structured compared to the X-ray crystal structure of the whole protein (Larios et al. 2006) .
The random coil radius for l Ã 6À85 is expected to be 26 Å , based on the power law scaling determined by Kohn et al. (2004) . The observed value of 23 Å is slightly more compact, indicating some residual interactions in 5 M guanidine hydrochloride at -28°C. Some uncertainty in R g is also introduced by the nonlinearity of the Guinier plot at small values of Q 2 , resulting from transient aggregation, as discussed in Materials and Methods. Henry and Hofrichter 1992) . The inset in Figure 3 shows how the two largest components reconstruct the CD spectra at different denaturant concentrations.
Thermodynamic titration
The unfolding titration of l Ã 6À85 detected by circular dichroism at 222 nm is shown in Figure 3 . The midpoint lies at 3.02 M guanidine hydrochloride concentration. Table 1 summarizes the thermodynamic parameters obtained for the two proteins studied here, as well as detected by circular dichroism at -28 6 1°C in 45% ethylene glycol 50 mM phosphate buffer.
the parameters from Yang and Gruebele (2004c) at 22°C in aqueous phosphate buffer. The fit in Figure 3 is to the two-state linear free energy relationship (Tanford 1968 )
( 1) The midpoint of the unfolding transition in the cryosolvent lies nearly 1 M higher than under conditions previously used to investigate folding of l Ã 6À85 mutants (Yang and Gruebele 2004c ). The mutant is stabilized slightly more. As discussed below, the parameters in Equation 1 should not be taken to confirm two-state behavior far below the denaturation midpoint. Figure 4 summarizes the SAXS and circular dichroism kinetics obtained for the pseudo-wild type. The radius of gyration smoothly decays from 24 6 1 Å to 15 6 1 Å . The observed SAXS kinetics can be fitted within the signal-to-noise ratio to a single exponential decay with an observed rate coefficient of k obs ¼ 3.0 6 1 sec À1 . The mutant fits similarly with 1.8 6 1 sec À1 . Kinetic fits to the l Ã 6À85 and mutant data are summarized in Table 2 . The CD-monitored refolding kinetics of l Ã 6À85 differ from the SAXS data in three important aspects. First, a burst phase of t 1/e <2 msec overshoots to 150% of the native value of [u] 222 ¼ -13,500 6 1000 deg m À1 M À1 . The 2-msec limit was set based on the signal-to-noise ratio, size of the burst phase, and instrument response function of 5.3 msec (see Materials and Methods) . The burst phase rate is thus over 150 times faster than the SAXS rate. Second, the fastest resolvable recovery phase fits to a single exponential with k obs ¼ 35 sec À1 . This rate is still 10 times faster than the collapse rate determined by SAXS, and thus also not concomitant with the collapse kinetics. Finally, the resolvable CD phase of the pseudowild type is somewhat better fitted by a double or stretched exponential than by a single exponential (Fig.  4, bottom panel) . All of these results were reproduced over several measurements. The CD kinetic parameters are summarized in Table 2 The SAXS-detected kinetics of l Ã 6À85 and its mutant are very similar. In contrast, the CD-detected kinetics of the Q33Y/A37G/A49G mutant of l Ã 6À85 with lower helix propensity differ significantly from the pseudo-wild type (see inset in Fig. 4) . The burst phase now takes up only 78% of the amplitude. The rate of the recovery still differs from the SAXS measurement, but now by less than a factor of two. Last, the recovery phase fit is not improved by a double or stretched exponential fitting function.
Refolding kinetics
Discussion
If site-directed mutagenesis can disrupt two-state folding of l Ã 6À85 and even induce downhill folding (Yang and Gruebele 2004a) , how robust is two-state folding against changes in solvent conditions only? Our answer, based on the results outlined above, is that a <0.2 kT change of Tuning l thermal energy and switching to a more secondary structure-stabilizing solvent are sufficient to disrupt twostate folding, decoupling the collapse and secondarystructure formation time scales of the pseudo-wild type l Ã 6À85 . The main activation barrier at 25°C in aqueous buffer is not highly dominant over other free energy landscape roughness, which contributes to the heterogeneous kinetics described above. So, it comes as less of a surprise that signatures of downhill folding have been detected in mutants of l Ã 6À85 (Yang and Honig 1993; Gruebele 2003, 2004a; Ma and Gruebele 2005) .
The ethylene glycol/water solvent used here slows down the prefactor for folding such that collapse and some of the secondary structure formation can be resolved on the millisecond-to-second time scale, and additionally suppresses the cold denaturation ordinarily observed for lambda repressor fragment (Yang and Gruebele 2005) . Our goal was to take l Ã 6À85 and tune its stability to a value comparable to the most stable lambda repressor fragment mutants, such as Y22W/Q33Y/G46A/G48A (Yang and Gruebele 2004c) . The latter has a guanidine midpoint concentration of C m ¼ 3.27 M compared to 2.04 M for l Ã 6À85 at 22°C in aqueous buffer. As shown in Table 1 , 45% ethylene glycol at -28°C shifted the stability of l Ã 6À85 up to a 3.02 M midpoint. The Y22W/Q33Y/A37G/A49G mutant is similarly shifted to C m ¼ 3.04 M. These values nearly approach those of the most stable mutants.
Our most important result is that the SAXS-detected refolding rate, which probes the radius of gyration and is thus sensitive to protein collapse, and the CD-detected refolding rates, which probe secondary structure formation, differ by factors of 10-150 for l Ã 6À85 . Collapse occurs on a 300 msec time scale, as measured by the SAXS radius of gyration (Table 1) . A CD burst phase of 150% of the native [u] 222 value whose tail cannot be resolved with our instrument response function requires k burst $ 2 msec À1 , >150 times larger than the collapse rate. The subsequent resolved relaxation of the CD overshoot back to the native baseline is still over 10 times faster than the collapse rate of l Ã 6À85 . Thus, neither the initial secondary structure overshoot, nor its subsequent relaxation back to the native value, coincide with collapse to a compact state. There are at least three kinetic phases. Unstructured contraction in the unfolded well preceding two-state folding could explain one small fast phase in addition to the rate-limiting step, but not three very different fast phases, one of which exceeds the native signal level by 50% Under our solvent conditions, l Ã 6À85 , nativelike helical content precedes collapse substantially.
Our second important finding is that the fast CD phases are sequence-specific. If substantial helical structure forms during the fast CD phases, then decreasing the helical propensity of the protein should decrease the magnitude and/or the rate associated with the fast CD phases. To test this hypothesis, we made the Y22W/ Q33Y/A37G/A49G mutant. The Q33Y and A37G/A49G mutations have opposite effects on protein stability, producing a mutant just about as stable as the pseudo-wild type (Yang and Gruebele 2004c; Larios et al. 2006) (Table  2 ). The effect of the mutations on secondary-structure stability is very different. AGADIR analysis (Lacroix et al. 1998) indicates that helix 2 propensity is not seriously perturbed by the Q33Y substitution, while helices 2 and 3 propensities are significantly reduced by the A37G/A49G pair of mutations. The combination of the Q33Y and A37G/ A49G mutations thus allows us to reduce helix propensity without changing the overall stability of the protein significantly. The kinetics results are clear: The SAXS rate remains similar to l Ã 6À85 , so the glycine substitutions have no large effect on the collapse rate. The CD-detected kinetics change substantially. The mutant still has a burst phase, but its amplitude (78%) is only half that of l Ã 6À85 . In addition, the resolvable recovery phase now is seven times slower than in l Ã 6À85 . A nonspecific contraction does not occur in l Ã 6À85 before it folds to the native state. Rather, secondary structure forms rapidly on at least two time scales, followed by slower collapse. Both rapid collapse and collapse concomitant with the rate-limiting step of folding have been reported (Plaxco et al. 1999; Sadqi et al. 2003) . The CD overshoot most likely corresponds to excess helix formation, followed by reduction in helix content and formation of loops needed to acquire native topology: l Ã 6À85 has a normal helix bundle CD spectrum at all denaturant concentrations studied, with a 208/222 nm double minimum even above the denaturation midpoint (Fig. 3) . The CD kinetics at 222 nm thus monitor helix content. Extended structures of proteins with high helical content have been observed previously under certain denaturing conditions, such as the acid denatured A state of ubiquitin (Brutscher et al. 1997 ). The ensemble occupied by l Ã 6À85 within 2 msec of folding initiation at -28°C in 45% ethylene glycol is probably similarly disposed.
Our third finding is not as strong, but also supports the view that our solvent conditions reveal heterogeneity of the l Ã 6À85 free energy landscape not observed at room temperature. The bottom panel in Figure 4 shows the fits of the CD overshoot relaxing back to the native value. A stretched (or double, data not shown) exponential fit accounts for the data somewhat better than a single exponential fit, when both are constrained to match the observed amplitude and baseline. The figure shows the raw data in 3-msec increments, so there is ample sampling on the scale of the fitted rate coefficients shown in Table 2 . The x 2 of the stretched fit is 1.5 times better because it accounts for the region from 0.02-0.15 sec more accurately. Thus, secondary-structure formation of l Ã 6À85 may exhibit three or more phases, and the overall folding process four or more phases, but certainly at least the three (<2 msec, %30 msec, %300 msec) that are clearly separated.
There is no strong evidence for deviations from twostate behavior in the thermodynamic data (Fig. 3) . Just like the room temperature thermal titration data (Yang and Gruebele 2004c) , denaturant titration under cryogenic conditions is well-approximated by a two-state transition. As discussed elsewhere (Yang and Gruebele 2004a,c) , this does not imply two-state folding of l Ã 6À85 in the absence of denaturant. It simply means that the transition region along the reaction coordinate is sufficiently destabilized by denaturant (or high temperature) that the protein acquires a dominant folding barrier and makes a transition toward two-state folding. Similarly, it has been shown that downhill folding variants of l Ã 6À85 can be turned into two-state folders by stressing the protein with high temperature (Ma and Gruebele 2005) . For other small proteins, such as BBL, there is evidence that downhill relaxation can survive heat stress (GarciaMira et al. 2002; Muñoz 2002; Muñoz and Sanchez-Ruiz 2004; Naganathan et al. 2005) .
Finally, we compare the measured rate coefficients in cryogenic solvent and at room temperature. The cryogenic solvent conditions affect the folding barrier(s), as well as the solvent viscosity. Increased viscosity slows down the diffusional dynamics of the protein during its conformational search and reduces the prefactor for folding in activated rate models in the Kramers overdamped regime (Kramers 1940) .
We previously showed that folding rate coefficients of known two-state folding mutants of l Ã 6À85 can be fitted to a simple quadratic free energy model over a wide temperature range, including cold denaturation temperatures down to -4.7°C Gruebele 2004c, 2005) . We thus use as our zeroth-order model for two-state folding the Kramers expression (Kramers 1940) 
where n y (61°C) % 1.5 msec , and a % 1. The viscosity is discussed in more detail in the Materials and Methods section. Figure 5 plots the refolding rates of l Ã 6À85 from room temperature fluorescence measurements, as well as Equation 2 over its expected range of validity. The fastest CD phase reported here is not likely to be reached by such an extrapolation, even if higher order corrections were added to the free energy. The SAXS rate reported here is more likely to be reached by such an extrapolation. Using a viscosity-dependent prefactor of n y ¼ n y ðT m ÞhðT m ,x ¼ 0Þ=hðT,x ¼ 0:19Þ % 72 msec, we obtain an activation energy of 16.8 kJ/mol for the collapse of l Ã 6À85 at -28°C in 45% ethylene glycol. The upper limit set on the barrier for excess secondary structure formation (the CD burst phase) is even more stringent, DG y < 6.4 kJ/mol. This lies near the 3 kT limit where transition theory begins to break down and downhill folding takes over . Thus, the cryogenic conditions provide substantial stabilization of the transition state region of the free energy surface, not just of the native well.
We therefore conclude that cryogenic ethylene glycol solvent speeds up both collapse and secondary structure formation relative to models that adequately fit previous room temperature and cold denaturation data obtained in aqueous solvents. Helix formation and collapse of l Ã 6À85 are decoupled into at least three, and possibly more, Tuning l distinguishable time scales. Excess helical structure is formed very rapidly in l Ã 6À85 , followed by a reduction in helix content toward the native value, followed finally by collapse of the protein and arrangement of the native tertiary structure. The cartoon in Figure 1 shows this sequence of events mapped onto a single global reaction coordinate, but two coordinates (e.g., fractional helix content and radius of gyration) may be more suitable for a complete description of the process. A mutant with reduced secondary structure propensity but comparable stability does not accumulate excess secondary structure and relaxes to the native secondary structure more slowly, so the fast processes are sequence-specific.
Although the solvent conditions at -28°C in 45% ethylene glycol may seem exotic, we must remember that they do not induce a large perturbation of the free energy landscape. l Ã 6À85 is stabilized over ''physiological'' conditions by only about 1 M guanidine hydrochloride, corresponding to an average native bias of DDG % 7.7 kJ/mol using the m-value in Table 1 . For such a small change to disrupt two-state folding indicates that two-state folding is not a very robust process in l Ã 6À85 to begin with. Even without genetic engineering, small protein-free energy barriers can be tuned sufficiently so free energy landscape roughness can contribute to the observed folding kinetics.
Materials and methods
Protein
The wild type of l repressor is a DNA-binding phage regulatory protein, which controls the lambda switch in bacterial cells. The engineered protein l 6-85 , containing 80 residues and five a-helices (MW ; 9160 Da) of the full protein, was the first reported submillisecond two-state folder (Huang and Oas 1995) . A Tyr22Trp mutant of the wild type (abbreviated here as l Ã 6À85 ), made to enable fluorescence detection, does not significantly affect either the thermodynamic stability or folding kinetics of l Ã 6À85 (Ghaemmaghami et al. 1998) . We made Y22W and Y22W/Q33Y/A37G/A49G mutants by site-directed mutagenesis (Stratagene Quickchange kit), starting with a wild-type plasmid donated by Terry Oas. Genes were inserted into the PET-15b vector with a histidine tag coding region and expressed in RosettaTM(DE3) pLysS cells (Novagen Inc.). After lysing cells on a French press and collecting supernatant by centrigugation, the overexpressed protein was purified through Ni- . The histidine tag was removed by thrombin cleavage. The purity of l Ã 6À85 and its mutant was confirmed by matrix-assisted laser desorption ionization mass spectrometry and sodium dodecyl sulfate polyacrylamide gel electrophoresis.
Cryosolvent conditions
The lyophilized proteins were resuspended in a 45%/55% ethylene glycol/deionized water mixture (Qin et al. 2001 ). The mixed solvent was buffered to pH 7.0 with 50 mM phosphate buffer. As initial condition for stopped flow studies, 5 M guanidine hydrochloride (relative to total solvent volume) was added. The concentration of GuHCl was calibrated by refractive index measurements (Nozaki 1970; Pace 1986 ). Other guanidine hydrochloride buffer concentrations were used for unfolding titrations to determine thermodynamic stability. Low-temperature measurements were carried out at -28 6 1°C.
Stopped-flow setup
Nearly identical stopped-flow mixers were used in Japan (CD) and in the United States (SAXS). The cryogenic stopped-flow mixers are custom instruments built to operate at high viscosity and low temperature by UNISOKU. The instruments allow the fast mixing of two solutions in the ratio 1:6 without significant leakage at temperatures as low as -30°C.
For all protein measurements, one part of denatured protein solution was mixed with six parts of either the denaturant buffer (5 M GuHCl, for calibration) or the refolding buffer (0 M GuHCl, yielding 0.7 M final guanidine hydrochloride concentration). The cell containing the mixed solution has a 1-mm path length and 50-mm sapphire windows, suitable for both CD and SAXS steady-state and kinetic measurements. For cryogenic X-ray measurements, the cell was insulated with a cork/foam envelope and cooled by an ethylene glycol/water mix with a Neslab ULT-80DD model bath (rated 250 W at -70°C).
The dead time for the stopped flow was calibrated to be 5.3 msec in 45% ethylene glycol at -28°C, using the fast reduction of 2,6-dichlorophenol sodium by ascorbic acid at pH 4. The rate of this bimolecular reaction increases linearly with ascorbic acid concentration. As the rate increases, the fraction of resolvable signal change decreases exponentially, allowing us to determine the concentration of ascorbic acid where k obs ¼ k dead (we take it as the 1/e point of the signal decrease). Inserting this concentration (24.75 mM) into the linear dependence of k obs on ascorbic acid concentration yields the dead time, as shown in Figure 6 .
Small-angle X-ray scattering SAXS steady-state and refolding data of l Ã 6À85 were collected at the BioCAT 18 undulator beamline of the Advanced Photon Source at Argonne National Laboratory (Fischetti et al. 2004 ). The X-ray beam (nominal wavelength 1.0 Å ) was collimated to Figure 6 . Observed rate of the dead time calibration reaction as a linear function of ascorbic acid concentration. The observable signal change decreased by 1/e when the concentration was raised to 24.75 mM; inserting this value into the fitted relationship between rate and concentration yields the ''dead-rate,'' or its inverse, the dead time of 5.3 msec. a spot size of 300 3 130 microns at the sample. The scattering signal was detected with a MAR 165 CCD X-ray detector with 2048 3 2048 pixels of 79-mm pixel size. The detector was placed 1.90 m away from the sample cell. The useful range of Q ¼ 4p sinu/l for the detector was 0.006-0.23 Å À1 . Final protein concentration in SAXS experiments was %450 mM.
X-ray data were collected for exposure times between 100 msec (at t ¼ 0) and 600 msec (t $ 1 sec). The scattering patterns were azimuthally averaged, with logarithmic weighting in Q. Scattering regions with contributions from crystalline structure of the sample cell windows were masked out. A 0.7-M guanidine hydrochloride buffer reference processed equally is subtracted from the sample intensity to yield a final Guinier plot. l Ã 6À85 mutants are known to undergo transient aggregation in aqueous buffer at similar concentrations (100-400 mM) to those used here, causing up to a 10% shift in observed relaxation times . We did observe curvature of the Guinier plot below Q 2 ¼ 0.001, indicative of transient aggregation (Fig. 2) . Several types of data fitting were therefore tested to make sure that the extracted radii of gyration R g are robust. We used a generalized Guinier formula (Guinier and Fournet 1955) 
Here, R egg is an effective radius of gyration for the ensemble of aggregate states, which contribute at small values of Q.
We performed fits over a range of Q 2 between 0.0005 (below which baseline subtraction was not accurate) and Q 2 ¼ 0.004 (above which the Guinier constraint R g Á Q max # 1.3 is no longer satisfied), using one or two terms in Equation 3. We found that Equation 3 with two terms fitted over the full range of Q 2 , and Equation 3 with only one term fitted from Q 2 ¼ 0.002 to 0.003 (where the aggregate term in Equation 3 makes only a small contribution), yielded the same results within 1 Å for all data. As a result, we report radii of gyration with an uncertainty of 61 Å , as opposed to the achievable experimental precision of 60.1 Å . The maximum variation in the SAXS rate of l Ã 6À85 was 61 sec
À1
, depending on the range of Q and number of exponentials used. These are the uncertainties reported in Table 2 . To provide a consistent analysis, the same range of Q 2 (0.002 to 0.003) was used for all kinetic data points. The transient aggregation phenomenon will be the subject of future SAXS studies at small Q, where transient aggregation and folding compete at comparable signal amplitudes, as in a recent study of U1A transient aggregation (Yang and Gruebele 2006) .
Circular dichroism
Unfolded l Ã 6À85 and mutant were diluted from 5 M guanidine buffer sevenfold (1:6) so as to initiate refolding. The refolding process was monitored by circular dichroism (CD) at 222 nm ([u] 222 ) at each temperature. Measurements were repeated and accumulated to obtain a good signal/noise ratio. The averaged data were normalized to yield molar ellipticity with 300 deg m À1 M À1 accuracy for steady-state measurements, and 61000 deg m À1 M À1 accuracy for kinetic measurements. For each kinetic measurement, in addition to collecting refolding data, we always performed two more experiments: mixing unfolded protein in unfolding buffer with the same unfolding buffer. This gave the initial CD level. After the refolding experiments, the solution was left to equilibrate for 20 min, and then remeasured. This gave the final level, or CD signal of the native state in 0.7 M guanidine. Final protein concentration in the CD experiments ranged from 32 to 37 mM.
Steady-state CD data were analyzed by singular value decomposition (SVD) in the 208-250 nm region (Henry and Hofrichter 1992) . At smaller wavelengths, the signal-to-noise ratio of the CD data was not sufficient for reliable SVD due to low signals from denaturant absorption. As can be seen in Figure 3 , the first two SVD basis functions are sufficient to reconstruct the most important features of the CD spectra as a function of denaturant concentration, at least over the wavelength region probed. Similarly, the signal at 222 nm follows a sigmoidal curve with only small baselines. However, other reported variants of l Ã 6À85 , particularly ones folding downhill or near-downhill, do have significant baselines (Yang and Gruebele 2004a; 2004c) .
Viscosity formula
The viscosity h depends on the mole fraction x of ethylene glycol and temperature as h(T,x) ¼ (0:004757 + 0:047x) f1 + (221 + 573x)e À0:048T=8C + ð154 À 69xÞe À0:01T=8C g:
This empirical expression was obtained by fitting 22 viscosity data points for water/ethylene glycol mixtures at various concentrations and temperatures ( Bolz and Tuve 1973; Weast 1997) . Note that in Equation 2, we adopt a power law dependence of the rate coefficient on viscosity. Internal protein friction, leading to a ðh Protein þ h Solvent Þ À1 have also been proposed, but it is not currently known what, if any, temperature correction applies to the internal friction in such models, and it does not fit available data well (Plaxco and Baker 1998; Bhattacharyya and Sosnick 1999) . Our previous work on cold denaturation of lambda repressor showed that a % 1 can account for the observed data down to 3°C using Equation 2; other experiments and modeling also indicate that a % 1 for protein folding (Klimov and Thirumalai 1997; Plaxco and Baker 1998) , so the a % 1 is justified by the available theoretical and experimental data.
